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A dual-mask coronagraph for observing faint companions to binary stars
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ABSTRACT
Observations of binary stars for faint companions with conventional coronagraphic
methods are challenging, as both targets will be bright enough to obscure any nearby
faint companions if their scattered light is not suppressed. We propose coronagraphic
examination of binary stars using an apodized pupil Lyot coronagraph and a pair of
actively-controlled image plane masks to suppress both stars simultaneously. The per-
formance is compared to imaging with a band-limited mask, a dual-mask Lyot coron-
agraph and with no coronagraph at all. An imaging procedure and control system for
the masks are also described.
Subject headings: binaries: general, instrumentation: high angular resolution, planetary
systems, techniques: high angular resolution
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1. Introduction
Although a large fraction of nearby stars occur in multiple systems, direct detection exoplanet
searches have generally selected against binary targets because a secondary star complicates ob-
servations and limits the detection sensitivity. In addition to observational complications, binary
systems were traditionally assumed to be a hostile environment for the formation and evolution of
planetary systems. However, direct imaging of stars known to harbor planets detected by radial
velocities has revealed several binary star systems (Patience et al. 2002; Eggenberger 2009). Proto-
planetary disks, which form the material basis for planet formation, are observed in both circumstel-
lar and circumbinary configurations in binary systems (Roddier et al. 1996; Trilling et al. 2007), and
the growth and settling of dust grains is common in binary star systems (Pascucci et al. 2008). The-
oretical numerical simulations successfully model the evolution of protoplanets (Pierens & Nelson
2007), terrestrial planets (Quintana & Lissauer 2006), giant planets (Pierens & Nelson 2008) and
brown dwarfs (Jiang et al. 2004) in circumbinary disks. Furthermore, theoretical models also per-
mit planet formation through gravitational instability in binary systems. Planets formed in this
way have large separations from their stars and are therefore particularly important targets for
direct imaging. The influence of a secondary star can in some cases prevent a collapse through
tidal heating (Mayer et al. 2005) or trigger the collapse for an otherwise stable disk (Boss 2006),
leaving a characteristic imprint on the demographics of planets in binary systems, the observation
of which would provide an invaluable test for planet formation theory. A secondary star can also
act as a source of angular momentum for a circumbinary planet and either scatter or tidally push
the planet into wider orbits, thus enriching the expected population of wide-orbit stars (Nelson
2003; Veras & Armitage 2004; Holman & Wiegert 1999; Kley & Burkert 2000).
Direct detection techniques are critical for investigating extrasolar planets on large (> 10
AU) orbital separations, and the first direct detections of extrasolar planets have confirmed that
planets do exist in these orbits (e.g., Marois et al. 2008; Kalas et al. 2008; Lagrange et al. 2009).
High contrast instrumentation and direct detection techniques are being developed to probe planet
formation and the evolution of planetary systems. In order to achieve high contrast (> 10−6) at
small angular separations (< 1′′), one must control the diffracted light from the host star in the
image plane. However, the majority of coronagraphs are designed to remove light from single host
stars. If the secondary star lies close to the target star and it is not suppressed, the secondary star’s
light will overwhelm the signal from any faint companions. The peak of the G dwarf companion
distribution is near 30 AU (Duquennoy & Mayor 1991), and while also accounting for random
orbital inclinations and phases on the sky, the vast majority of nearby binary stars (< 100 pc)
targeted by high contrast imaging surveys would benefit from having a specialized coronagraph.
Coronagraphs capable of simultaneously blocking the light from binary stars can be grouped
into two categories: coronagraphs with linear masks, and coronagraphs with dual circular masks.
Each type has advantages and disadvantages; in the following, we present examples of each and
discuss their performance in the presence of a typical low-order wavefront noise following an adaptive
optics system. In particular, we present a dual-mask design based on an APLC which allows
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for a small inner working angle and a large discovery space even for an obstructed aperture, and
which minimizes cross-talk between the masks. We also address manufacturing and implementation
concerns such as obstructed apertures, field rotation, manufacturing, and mask placement, and
outline a control scheme for maintaining alignment of the system even in the presence of atmospheric
errors.
2. Types of Coronagraphs for High Contrast Imaging
The general class of Lyot-type coronagraphs have a common structure to the optical design.
The primary components of a Lyot coronagraph consist of an initial pupil equivalent to the pupil
of the telescope, potentially with an apodization; a focal plane mask, which can be hard-edged
or vary in amplitude and phase; and a Lyot stop at the reimaged pupil, which is hard-edged and
often (but not always) undersized with respect to the telescope pupil. Lyot’s original design (Lyot
1939) was equipped with hard-edged masks in all planes; however, subsequent variants include
apodized pupil Lyot coronagraphs (APLCs) (Soummer et al. 2003), band-limited coronagraphs
(BLCs) (Kuchner & Traub 2002), four-quadrant phase mask coronagraphs (4QPMs) (Rouan et al.
2000), and vortex coronagraphs (VCs) (Foo et al. 2005; Mawet et al. 2010). Guyon et al. (2006)
provides a detailed analysis of comparative coronagraphy.
For the specialized case of binary stars, these coronagraphs split into two general categories:
(1) coronagraphs with a single focal plane mask which is oriented to block both stars simultaneously,
and (2) coronagraphs with two masks, one placed to block each star.
2.1. Single-mask case
The main purpose behind using a single mask is simplicity—it avoids additional mechanisms
and complexity by having a single fixed mask. In exchange, this mask will tend to block out more
of the field of the view than just the target stars, obscuring edge-on systems in particular.
These masks work by using a separable apodization A(x, y) = A(x)A(y), generally with A(y) =
1. The mask is then oriented so that y-axis is aligned with the two stars, and both will be suppressed
identically. Coronagraphs that could be considered for this approach include the BLC—in fact,
this has been demonstrated on-sky (Crepp et al. 2010)—and an APLC designed for a linear mask,
following Aime et al. (2002).
2.2. Dual-mask case
The rationale behind using two masks in the image plane is to block only the regions of the field
of view containing the starlight, so the remainder of the field can be investigated as discovery space.
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However, the discovery space of the coronagraphic mask may not be symmetric (as is the case for
the BLC), which could lead to significant preference for certain orbital inclinations. Observations
of T-Tauri stars, for example, indicate circumstellar disks in binary systems tend to be parallel to
each other (Monin et al. 2007). Assuming that all spatial orientations are randomly distributed on
the sky, the abundance of orbits with a specific inclination angle is proportional to the cosine of
the inclination. This represents a significant bias towards encountering edge-on binary systems and
suggests that the binary orientation direction is a favorable place to find a planetary companion,
assuming the planet formed in the disk and was not scattered far from the invariable plane. A dual-
mask coronagraph enables sensitivity along this orientation, while the BLC completely obscures
planets along that axis. Therefore, the BLC has a strong selection preference for observing face-on
systems, where this effect is minimized, but the dual-mask coronagraph has no such requirement.
On the other hand, a dual-mask coronagraph system is significantly more complex, as the two
masks must be moved in the image plane to coincide with the target stars.
A source located at an angular separation of ψ1 with respect to the optical axis produces a
tilted wavefront at the aperture of the telescope; without loss of generality, we can place this source
along the x1-axis with unit intensity to give the time-averaged electric field Ψ1(x1, y1;ψ1) following
the first pupil plane:
Ψ1(x1, y1;ψ1) = P (x1, y1)e
[−2piix1 sinψ1/λ] (1)
with P (x1, y1) the pupil function of the telescope and λ the wavelength under consideration. The
electric field at the subsequent image plane (Ψ2(x2, y2;ψ1)) can be written:
Ψ2(x2, y2;ψ1) =M(x2, y2)×
1
iλf
∫
∞
−∞
∫
∞
−∞
e−
2pii
λf
(x1x2+y1y2)P (x1, y1)e
−
2piix1 sinψ1
λ dx1 dy1 (2)
=M(x2, y2)×
1
iλf
∫
∞
−∞
∫
∞
−∞
P (x1, y1)e
−
2pii
λf
(x1[x2+f sinψ1]+y1y2) dx1 dy1 (3)
with f the focal length of the telescope and M(x2, y2) the focal plane mask. In the on-axis case,
Ψ2(x2, y2; 0) =M(x2, y2)×
1
iλf
∫
∞
−∞
∫
∞
−∞
P (x1, y1)e
−
2pii
λf
(x1x2+y1y2) dx1 dy1, (4)
and so the shift by f sinψ1 from the tilt of the incident wavefront creates a misalignment with the
mask. We can compensate by moving the mask by −f sinψ1:
Ψ2s(x2, y2;ψ1) =M(x2 + f sinψ1, y2)×
1
iλf
∫
∞
−∞
∫
∞
−∞
P (x1, y1)e
−
2pii
λf
(x1[x2+f sinψ1]+y1y2) dx1 dy1
(5)
= Ψ2(x2 + f sinψ1, y2; 0) (6)
so the system with an off-axis source provides identical suppression at x2 = −f sinψ1 as does an
on-axis mask and star. (The image plane masks behave achromatically in this configuration, where
the wavelength does not change the magnitude of the shift of the PSF in the image plane.) If
the two stars are located at ±ψ1 from the optical axis, then, the two masks would be placed at
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±f sinψ1, and would suppress both stars simultaneously. A schematic of this system is shown in
Fig. 1, for a simple telescope with circular symmetry.
Coronagraphs that could in theory be considered for this dual-mask approach include nearly
every Lyot-type coronagraph with a radially-symmetric focal-plane mask, including Lyot coron-
agraphs, APLCs, BLCs with radially-symmetric masks (Kuchner & Spergel 2003), 4QPMs, and
VCs. Unfortunately, this simple analysis ignores one large difficulty: not only does mask A block
the core of star A, but mask B will suppress a portion of the sidelobes of star A, which then will
scatter light across the image plane, limiting the contrast that can be achieved. Thus, only a coro-
nagraph with the lowest sidelobes at the first image plane is likely to prove promising for a binary
system. We investigate the APLC because it includes an apodization at the entrance pupil that
reshapes the PSF. As a result, the APLC has optimally low sidelobes (Soummer et al. 2003) and
will minimize the interaction between the two masks.
2.3. Additional design considerations
Most existing telescopes have obstructed apertures, and the effects of secondaries and their
support structures on the coronagraphs must be considered in the modeling of the optical per-
formance. In many cases, the effects of these optical obstructions can be mitigated by carefully
designing the coronagraph. For example, Lyot stops can be designed to block the diffraction
from aperture obstructions (Sivaramakrishnan & Lloyd 2005), spider removal plates can remove
the spiders from the image (Lozi et al. 2009), and for APLCs, the apodization can be optimized for
arbitrary apertures (Soummer et al. 2009). However, the reduced performance should be taken into
account when designing these coronagraphs. Crepp et al. (2010) makes binary star observations
with the unobstructed subaperture (Serabyn et al. 2007) on the Palomar Observatory’s 200-inch
Hale Telescope, neatly avoiding these coronagraphic complications, but only utilizing ∼ 9% of the
collecting area of the telescope.
A further difficulty arises from the field rotation, which causes the binary system to rotate with
respect to the telescope pupil for telescopes in altitude-azimuth mounts. In high contrast obser-
vations, this characteristic can be employed for Angular Differential Imaging (ADI) (Marois et al.
2006). The major consequence of this is that the coronagraph must be able to maintain its perfor-
mance regardless of the orientation of the aperture with respect to the image plane mask, including
any obstructions. For an unobstructed circular aperture, the circular symmetry of the pupil renders
this trivial. The performance of the system is also dependent on the aberrations introduced by the
atmosphere and the ability of the adaptive optics (AO) system to correct these wavefront errors.
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Fig. 1.— APLC optical components for binary observations. Plane 1 has an apodizer and the
pupil, shown face-on at top; plane 2 has the dual image plane masks, shown face-on above the
plane; plane 3 is the pupil again, shown face-on above; plane 4 represents the science camera image
plane. The red and green rays show the path of the starlight from the binary pair through the
system, while the blue ray shows the path of light from the planet.
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3. Simulated performance
To examine the performance of the coronagraphic options discussed above, we simulate their
performance on a realistic system. Here, we use parameters of the Subaru Telescope and HiCIAO
(Hodapp et al. 2008) for simulation purposes: the pupil is a 8.2m diameter circular aperture with an
IR secondary 1.265m diameter circular obscuration concentric with the primary mirror (Usuda et al.
2003). The secondary is held in place with four spiders, as shown in Fig. 2. From a numerical
perspective, we make extensive use of the Fast Lyot algorithm described in Soummer et al. (2007)
for efficient propagation.
The simulated field contains a binary system and a faint companion. The system is simulated
at 1.65µm for a 10s exposure, using simulated residual wavefronts from the atmosphere following
the AO188 adaptive optics system (Minowa et al. 2010) at 0.5ms intervals, with 200nm of residual
static rms wavefront error. The two stars are placed at ±500mas along the y-axis, with intensity
normalized to 1; the companion is placed at −1000mas along the x-axis and is attenuated to
an intensity of 10−4 for clarity. We choose a 1” separation of the binary companions because
closer pairs interfere with the wavefront sensing capability of the AO188 system (S. Egner, private
communication) and thus are unlikely to have a well-corrected field.
We examined the performance of four coronagraphic configurations, beginning with the case
of no coronagraph in the system; the performance is shown in Fig. 3(a). The HiCIAO system
currently uses a Lyot coronagraph for its observations; we looked at the performance with a standard
round hard-edged mask doubled, with each mask centered at ±500mas. At 1.65µm, the mask
diameter is 4.8λ/D. In addition, the Lyot stop is undersized to 80% and the secondary is enlarged
to 140% (Tamura et al. 2006), to match the existing instrumentation. The performance for this
configuration is shown in Fig. 3(b).
Using the techniques described in (Soummer et al. 2009), we designed an apodized pupil Lyot
coronagraph for the Subaru pupil which explicitly incorporated the spiders; this pupil is shown
in Fig. 4. Note that the inclusion of the spiders leads to breaking of circular symmetry in the
apodization; in this case, there is higher throughput in the center of the upper and lower regions
than in the side regions. Again, the hard-edged image plane mask was doubled, and each mask
centered at ±500mas in the image plane; the mask is identical to the one used for the Lyot
coronagraph. The Lyot stop is identical to the pupil in Fig. 2, as the eigenfunction equation
underlying the APLC requires the Lyot stop match the pupil. The performance of the coronagraph
is shown in Fig. 3(c).
For the band-limited coronagraph, we aligned a 4th order linear mask along the direction of
the two stars. While higher-order designs exist (Kuchner et al. 2005), Crepp et al. (2007) shows
that the 4th order mask generally outperforms them except in the presence of very high Strehl. We
use a modified Lyot stop, following (Sivaramakrishnan & Lloyd 2005), to compensate for the large
spiders present in the Subaru pupil. The band-limited mask and Lyot stop used in our simulations
are shown in Fig. 5. The Lyot stop is required to be quite severe to prevent the spiders from
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leaking into the image plane. The performance of the mask is shown in Fig. 3(d).
We find that the BLC and the APLC are both effective at suppressing the central cores of
the PSFs and the spiders, although the throughput of the planet is reduced in both cases. This
reduced throughput is due to modifications to the system to eliminate spiders: the APLC has
a throughput of 39.0%, with the reduction driven primarily by the apodizer, and the BLC has
throughput of 35.36%, with the reduction driven primarily by the Lyot stop. This result is not
unexpected; Crepp et al. (2007) showed that in lower-Strehl cases, hard-edged masks will perform
similarly to apodized image-plane masks, and the reduction in the opening of the Lyot stop between
Fig. 2 and Fig. 5 suggests a corresponding reduction in throughput. As the apodizer is designed
to concentrate the light into a central core, and the Lyot stop is not, the planet PSF is sharper for
the APLC.
We note that rotation of the field will cause the spikes from the spiders to rotate, potentially
obscuring the planet multiple times during the observation. However, the BLC and the APLC
prove effective at suppressing the diffraction from the spiders given their design considerations; this
will be a major advantage to using either method on an obstructed aperture.
4. Manufacturing considerations for the APLC
We can conceptualize the masks as being two circles deposited on two discs of glass, each large
enough such that the mask can be moved to any part of the first image plane without the edge of
the glass appearing in the final image. These discs would then be placed in a pair of X-Y actuated
mounts so that the metal sides face each other, are separated by a very small amount, and bracket
the image plane on either side. For observations of single stars, the masks can be moved to coincide
and perform as a standard APLC, or one moved aside completely if there is sufficient room.
Other physical arrangements should be possible, as well. If the use of transmissive optics is
excluded due to unwanted physical by-products such as ghosting or chromaticity, the masks can
instead be etched to be freestanding with small spiders to hold them in place. These spiders could
then be included in the eigenfunction calculations, or simply included in the simulations as error
sources.
The placement of the masks near the image plane will need to be precise to mm-scale, so one of
the primary challenges in building this system is likely to be optomechanical—ensuring both masks
remain in planes parallel to the image plane without hitting each other or becoming defocused. The
finite thickness of the masks is not likely to be a consideration, however, as existing freestanding
image-plane masks can be sub-mm in thickness (e.g., 400µm for the “bowtie” masks used on the
high-contrast testbed at Princeton (Belikov et al. 2007)) as can coatings on coronagraph masks
placed on glass (e.g., 200µm for 8th-order band-limited masks (Lay et al. 2005)).
In practice, it is better not to optimize the APLC apodization for a specific tilt angle by cre-
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ating an eigenfunction with two masks in the image plane. An optimized APLC apodized mask
will marginally improve the coronagraphic performance for a binary system with a specific angu-
lar separation, but it would significantly degrade performance for stars that do not match to the
apodization. This configuration would require the apodizer to be replaced for every system. There-
fore, we believe it is better to compute the APLC apodization for an on-axis star and let Fourier
optics solve the off-axis situation. There are a number of methods by which the pupil apodization
can be created. For example, HEBS glass (Boccaletti et al. 2008) and microdots (Thomas et al.
2008; Martinez et al. 2009) are options being considered for APLCs on SPHERE and GPI, respec-
tively, and shaped pupil APLCs offer another alternative for apodization (Cady et al. 2009).
One well-known shortcoming of the APLC is its chromaticity. This could be compensated
using standard linear optimization techniques to create an apodization that concentrates light and
minimizes sidelobes across a designated bandpass. Alternatively, the mask could simply be sized for
the longest wavelength in the band, while shorter wavelengths create narrower PSFs whose cores
are still blocked by the mask. This may still scatter light in undesirable ways in the image plane.
A third option is the use of eigenvalues less than Λ0, which may suppress more light off the central
wavelength while still maintaining high suppression. This method is employed in the APLC design
for GPI (Macintosh et al. 2008). Some investigation would be required to determine which method
is preferable, depending on the telescope arrangement.
5. Tracking
The majority of large telescopes today have obstructed apertures and alt-az mounts. Field
rotation will cause the binary pair to rotate in the image plane, with each star maintaining a
copy of the telescope PSF. There are two approaches that can be taken to compensate for the field
rotation: simultaneous counter-rotation of the pupil and Lyot stop with the image rotator activated,
and rotation of the image-plane masks with the image rotator deactivated. Pupil rotation has been
tested previously on sky: the pupil-tracking mode of the NACO instrument on the VLT rotates the
entire instrument to keep the pupil fixed (Kasper et al. 2009; Tuthill et al. 2010). While either is
possible, rotating the image-plane masks may be preferred, as it minimizes the number of actuators
required; the image-plane masks must be actuated regardless, to match the separation of the target
binary.
The simplest way to place the masks in the image plane is with open-loop control–identify the
image plane locations for the masks without the masks in, then move them into position and make
science observations. A fast steering mirror may be used to provide coarse correction, though as
there are two sources being blocked independently, at least one mask will still have to be adjusted.
If this can be aligned with sufficient precision, the alignment procedure ends here.
If necessary, we suggest an additional closed-loop control to maintain mask alignment. Closed-
loop control will also be necessary if a system is run with the image rotator off, to ensure the
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masks rotate with the image plane. One possible method of performing closed-loop control is to
use flux in the image plane as a feedback signal. Decentering the masks will tend to increase flux
sharply, as this is equivalent to introducing tilt errors, which increases the flux leaking through an
APLC (Sivaramakrishnan et al. 2008). We note that pointing control using science camera imagery
has already been demonstrated on-sky with a vector vortex mask, in the imaging of HR8799 from
Palomar (Serabyn et al. 2010), although the technique used to close the loop was not the same.
The total energy in the pupil plane is shown in Fig. 6 for a number of sky angles in the vicinity of
a mask. As shown, the region of suppression surrounding the correct alignment is distinct, though
smeared by atmospheric errors. Improved AO correction will improve the sensitivity. Moving
downward into this region would be relatively straightforward, if one mask is held fixed. This has
the added advantage that no additional optics would be required, as the control uses feedback from
the the imaging camera. Furthermore, we can iterate the positioning of the two masks if necessary,
so only a single variable is used at a time.
We can then outline an observing procedure as follows: center the telescope between the two
target stars, and obtain an estimate of the angular separation between them, and their angle relative
to horizontal on the image plane. This would be done with the masks displaced from the vicinity
of the stars; the astrometric measurement creates an initial placement for the two masks in the
image plane. Closed-loop control, as outlined above, may proceed from there.
6. Conclusions
A sizable fraction of the overall planet population is expected to reside in binary systems;
yet most current high-contrast facilities are not suitably equipped to observe such systems with
coronagraphy. We have presented a conceptual design for a APLC-based coronagraph which would
allow faint companions to be seen around binary stars. This design provides comparable throughput
to observations using existing methods with band-limited coronagraphs, suppresses the diffraction
spikes introduced by central obstructions and spiders, and allows observations without blocking
edge-on systems. We also outline a control scheme and observing procedure which would allow
the coronagraph to lock onto the stars. In particular, this would be a prime use for multi-object
adaptive optics systems.
As a next step, we will examine mask tolerancing in simulation; a full closed-loop control system
should be designed and closed-loop performance under noisy conditions should be simulated. We
would also hope to verify the performance experimentally with a small testbed model, and show
the masks can track effectively.
– 11 –
Acknowledgments
The authors would like to thank Sebastian Egner for graciously providing simulated wavefront
data, Laurent Pueyo for useful discussions, and Re´mi Soummer for providing code for creating
apodizers for APLCs. M.W.M. acknowledges support from NSF Astronomy & Astrophysics Post-
doctoral Fellowship under award AST-0901967.
REFERENCES
Aime, C., Soummer, R., & Ferrari, A. 2002, Astronomy and Astrophysics, 389, 334
Belikov, R., et al. 2007, in (SPIE)
Boccaletti, A., et al. 2008in (SPIE), 70151B
Boss, A. P. 2006, ApJ, 641, 1148
Cady, E., Macintosh, B., Kasdin, N. J., & Soummer, R. 2009, The Astrophysical Journal, 698, 938
Crepp, J., Serabyn, E., Carson, J., Ge, J., & Kravchenko, I. 2010, The Astrophysical Journal, 715,
1533
Crepp, J. R., Vanden Heuvel, A. D., & Ge, J. 2007, The Astrophysical Journal, 661, 1323
Duquennoy, A., & Mayor, M. 1991, Astronomy and Astrophysics, 248, 485
Eggenberger, A. 2009, ArXiv e-prints
Foo, G., Palacios, D. M., & Grover A. Swartzlander, J. 2005, Optics Letters, 30, 3308
Guyon, O., Pluzhnik, E. A., Kuchner, M. J., Collins, B., & Ridgway, S. T. 2006, The Astrophysical
Journal Supplement Series, 167, 81
Hodapp, K. W., et al. 2008in (SPIE), 701419
Holman, M. J., & Wiegert, P. A. 1999, AJ, 117, 621
Jiang, I.-G., Laughlin, G., & Lin, D. N. C. 2004, AJ, 127, 455
Kalas, P., et al. 2008, Science, 322, 1345
Kasper, M., Amico, P., Pompei, E., Ageorges, N., Apai, D., Argomedo, J., Kornweibel, N., &
Lidman, C. 2009, The Messenger, 137, 8
Kley, W., & Burkert, A. 2000, in Astronomical Society of the Pacific Conference Series, Vol. 219,
Disks, Planetesimals, and Planets, ed. G. Garzo´n, C. Eiroa, D. de Winter, & T. J. Mahoney,
189–+
– 12 –
Kuchner, M., & Traub, W. 2002, Astrophysical Journal, 570, 900
Kuchner, M. J., Crepp, J., & Ge, J. 2005, The Astrophysical Journal, 628, 466
Kuchner, M. J., & Spergel, D. N. 2003, The Astrophysical Journal, 594, 617
Lagrange, A.-M., et al. 2009, Astronomy and Astrophysics, 493, L21
Lay, O. P., Green, J. J., Hoppe, D. J., & Shaklan, S. B. 2005, in Society of Photo-Optical Instru-
mentation Engineers (SPIE) Conference Series, Vol. 5905, Society of Photo-Optical Instru-
mentation Engineers (SPIE) Conference Series, ed. D. R. Coulter, 148–161
Lozi, J., Martinache, F., & Guyon, O. 2009, Publications of the Astronomical Society of the Pacific,
121, 1232
Lyot, B. 1939, Monthly Notices of the Royal Astronomical Society, 99, 580
Macintosh, B. A., et al. 2008in (SPIE), 701518
Marois, C., Lafrenie`re, D., Doyon, R., Macintosh, B., & Nadeau, D. 2006, The Astrophysical
Journal, 641, 556
Marois, C., Macintosh, B., Barman, T., Zuckerman, B., Song, I., Patience, J., Lafreniere, D., &
Doyon, R. 2008, Science, 322, 1348
Martinez, P., Dorrer, C., Aller Carpentier, E., Kasper, M., Boccaletti, A., Dohlen, K., & Yaitskova,
N. 2009, Astronomy and Astrophysics, 495, 363
Mawet, D., Serabyn, E., Liewer, K., Burruss, R., Hickey, J., & Shemo, D. 2010, The Astrophysical
Journal, 709, 53
Mayer, L., Wadsley, J., Quinn, T., & Stadel, J. 2005, MNRAS, 363, 641
Minowa, Y., et al. 2010, in Society of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series, Vol. 7736, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series
Monin, J., Clarke, C. J., Prato, L., & McCabe, C. 2007, Protostars and Planets V, 395
Nelson, R. P. 2003, MNRAS, 345, 233
Pascucci, I., Apai, D., Hardegree-Ullman, E. E., Kim, J. S., Meyer, M. R., & Bouwman, J. 2008,
ApJ, 673, 477
Patience, J., et al. 2002, ApJ, 581, 654
Pierens, A., & Nelson, R. P. 2007, Astronomy & Astrophysics, 472, 993
—. 2008, Astronomy & Astrophysics, 483, 633
– 13 –
Quintana, E. V., & Lissauer, J. J. 2006, Icarus, 185, 1
Roddier, C., Roddier, F., Northcott, M. J., Graves, J. E., & Jim, K. 1996, ApJ, 463, 326
Rouan, D., Riaud, P., Boccaletti, A., Cle´net, Y., & Labeyrie, A. 2000, Publications of the Astro-
nomical Society of the Pacific, 112, 1479
Serabyn, E., Mawet, D., & Burruss, R. 2010, Nature, 464, 1018
Serabyn, E., Wallace, K., Troy, M., Mennesson, B., Haguenauer, P., Gappinger, R., & Burruss, R.
2007, The Astrophysical Journal, 658, 1386
Sivaramakrishnan, A., & Lloyd, J. P. 2005, The Astrophysical Journal, 633, 528
Sivaramakrishnan, A., Soummer, R., Pueyo, L., Wallace, J. K., & Shao, M. 2008, The Astrophysical
Journal, 688, 701
Soummer, R., Aime, C., & Falloon, P. 2003, Astronomy & Astrophysics, 397, 1161
Soummer, R., Pueyo, L., Ferrari, A., Aime, C., Sivaramakrishnan, A., & Yaitskova, N. 2009, The
Astrophysical Journal, 695, 695
Soummer, R., Pueyo, L., Sivaramakrishnan, A., & Vanderbei, R. J. 2007, Opt. Express, 15, 15935
Tamura, M., et al. 2006in (SPIE), 62690V
Thomas, S. J., et al. 2008in (SPIE), 70156I
Trilling, D. E., et al. 2007, The Astrophysical Journal, 658, 1289
Tuthill, P., et al. 2010, in Society of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series, Vol. 7735, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series
Usuda, T., et al. 2003in (SPIE), 831–842
Veras, D., & Armitage, P. J. 2004, MNRAS, 347, 613
This preprint was prepared with the AAS LATEX macros v5.2.
– 14 –
Fig. 2.— The pupil of Subaru telescope.
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(a) The binary system with no coronagraph. (b) The binary system with a Lyot coronagraph.
(c) The binary system with an apodized pupil Lyot coro-
nagraph.
(d) The binary system with a band-limited coronagraph.
Fig. 3.— Performance of the four coronagraphs in the presence of atmospheric aberrations, wave-
front control, and static error. The intensity at each point is shown on a log scale. The companion
in each image is at (-1000mas, 0mas). The vertical band in the center of panel (d) is obscuration
from the mask and no companions can be detected along that axis.
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Fig. 4.— The pupil of the apodized pupil Lyot coronagraph.
Fig. 5.— Left. The mask for the band-limited coronagraph. Right. The Lyot stop for the band-
limited coronagraph.
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Fig. 6.— Throughput at the second pupil plane, for various misalignments of one of the image plane
masks. The x- and y-coordinates show the location of the center of the mask; the ideal position is
at x0 = 0mas and y0 = 500mas. The throughput is summed over 2.5 seconds on wavefront and AO
corrections. The scaling is normalized such that the total energy from both stars combined is 1 at
the first pupil plane.
